Tomato ( Lycopersicum esculentum Mill, cv. XPH-1251) 
Introduction
The nutritional and health value of ascorbic acid (AsA) is of great importance in the human diet, in order to "ght diseases such as scurvy, to maintain collagen, to reduce stress damage, and as an antioxidant. Ascorbic acid is important in the biosynthesis of amino acids, formation of adrenaline, and detoxi"cation in the liver (Smirno!, 1996) . However, most aspects of its synthesis and metabolism are still poorly understood (Wheeler et al., 1998) . Wheeler et al. (1998) proposed an ascorbate biosynthesis pathway involving GDP-D-mannose, GDP-L-galactose, L-galactose and L-galactono-1,4-lactone. They have synthesized ascorbate from GDP-D-mannose by way of these intermediates in vitro.
Almost all of the vitamin C (AsA) in the human diet is supplied by fruits and vegetables (Goddard and Matthews, 1979) . Ascorbic acid content of fruit and vegetables is very variable. Generally, leafy vegetables, citrus fruit, and some tropical fruits have high levels of AsA (Klein and Perry, 1982) . Tomato and bell pepper fruits are good sources of AsA. The AsA content in tomato fruit is not as high as in several other fruits and vegetables, but its contribution is signi"cant due to the common use of the fruit in the human diet (Klein and Perry, 1982) . Due to the importance of vitamin C it is vital to understand the evolution of its production and losses during fruit development, maturation and senescence, and especially during storage and/or in the chain. Such knowledge is needed as a basis to determine the ideal harvest dates in order to pick fruits with a maximum amount of vitamin C, and to determine ways to improve its production and to reduce its losses. Mechanism(s) for AsA losses are still not fully understood, and are thought to be owed to multiple factors (Nakamura et al., 1968) , but its precise function is not understood. Polyamines (PA), generally considered as growth stimulators, are ubiquitous and abundant in actively growing tissues. The concentrations of PAs decrease during tissue senescence (Kushad & Dumbro!, 1991) . Biosynthesis of PAs is related to ethylene biosynthesis, as they both share a precursor (S-adenosyl-methionine) and a byproduct (methylthioadenosine) (Kushad & Dumbro!, 1991) . Tomato fruit with high levels of PA produced low levels of ethylene and had a long shelf life (Dibble et al., 1988) . The role of PA as antisenescence agents might have relations with the metabolism of AsA. Literature on the production and losses of AsA in fruits during maturation and ripening on the plant is scarce and con#icting. In addition, there is a total lack of information on the relation of AsA and PA changes. The objective of this study was to investigate the evolution (production and losses) of AsA during the development, maturation and senescence of tomato and bell pepper fruits on the plant, and to relate it with the activity of AAO, and to the changes in the concentration of endogenous PA. The two fruit species were selected for their important contribution of AsA to the diet (especially tomato fruit). The two fruit species represent two di!erent fruit classes; climacteric (tomato) and nonclimacteric (bell pepper).
Materials and Methods

Materials
Tomato (¸ycopersicum esculentum Mill, cv. XPH-1251) and bell pepper (Capsicum annuum, cv. New ace) plants were cultivated in a greenhouse under controlled hydroponic conditions, and received standard cultural practices. The tomato cultivar used is characterized by a long shelf life. A constant concentration of nutrient solution was delivered by a pumping #ow method. Flowers were tagged on fruit set, and fruits were harvested at di!erent intervals from 18 days from fruit set (DFFS) until senescence on the plant (87 DFFS for peppers and 94 DFFS for tomato fruits). Tomato fruit at 94 DFFS were characterized by a very intense red color and a soft pulp. Bell peppers at 87 DFFS were pale green to yellowish and senescent in appearance.
Evaluation
Immediately after harvest, external fruit color was evaluated, fruit tissue was taken for the quanti"cation of AsA, and the remaining tissue was immediately frozen with liquid N , lyophilized, and kept at !80 3C for the analysis of PA concentration and AAO activity.
Color changes
External color of fruit was measured as an indication of developmental changes using a Minolta CM-2002 colorimeter, and parameters were determined in a CIELAB system. Values of a* and b* were measured in two to eight di!erent spots in each fruit (depending on fruit age/size), and used to compute hue angle (tan\ b*/a*) values. Hue angle represents greenness, and a* and b* de"ne red-greenness and blue-yellowness, respectively.
ASA analysis
Total AsA was determined from fresh tissue as reported by Augustin et al. (1981) , with some modi"cations. Fresh tissue (5 g) was macerated in 50 mL of 6% HPO using a Waring blender, and then "ltered through Miracloth followed by Whatman No. 40 "lter paper, before injection into the HPLC. Samples were always in contact with ice. A Waters 510 HPLC equipped with a 3.9;150 mm -Bondapack C-18 column and photodiode array detector was used (Waters Associates). For the mobile phase a 5.0;10\ tridecylammonium-formate in 40/60 v/v water/methanol, pH 3.5, was prepared as follows: 220 mg of tridecylamine (Eastman) was dissolved in 600 mL methanol followed by the addition of an excess of formic acid (0.05 mL), and "nally 400 mL water was added slowly to the system under constant stirring. For the standard curve, ASA standard samples were prepared and diluted to 20 mg/100 mL in 6% HPO
. The "nal solution containing 0.5 mg/100 mL was prepared by diluting 5 mL stock solution with 100 mL of water. The concentration of AsA was expressed as mg/100 g fresh tissue.
AAO activity analysis Ascorbic acid oxidase activity was measured by a spectrophotometric assay (Esaka et al., 1988) . Fruit tissue was frozen in liquid N , kept at !80 3C, and then was soon lyophilized. Hereafter, tissue (3 g) was homogenized in 20 mL of 0.1 M citrate bu!er (pH 6.0) and centrifuged at 15,700;g for 20 min. All procedures were performed at 4 3C. Ascorbate oxidase activity was assayed at 25 3C by following the decrease in absorbance of AsA at 265 nm in a Beckman DU-65 spectrophotometer. The reaction mixture contained 0.05 M potassium phosphate bu!er at pH 5.0, 0.002% metaphosphoric acid, 0.5 mM L-ascorbic acid, and tissue extract to a "nal volume of 2 mL. Protein contents were measured according to the dye binding method of Bradford (1976) , using bovine serum albumin for the standard curve.
Polyamines (PA) analysis
Lyophilized tissue (1 g) was extracted with 3 mL 0.2 N perchloric acid and 1 mL 0.6 mM 1,6-hexanodiamine was added as an internal standard. The homogenate was centrifuged for 20 min at 12,000;g and the supernatant was used for analysis of soluble PA according to the method of Carbonell and Navarro (1989) . Dansylation was performed by mixing 400 L dansyl chloride lwt/vol. 34 (2001) No. 7 (10 mg/mL acetone) and 200 L saturated sodium bicarbonate with 100 L of the PA extract. The mixture was vortexed for 30 sec, incubated for 1 h at 60 3C, and 100 L (100 mg/mL H O) of proline was added. Dansylated PA were extracted with 500 L toluene, dried in a stream of N at 60 3C, and resuspended in 200 L of acetonitrile for HPLC analysis. Polyamines were separated on a 20;0.4 cm reverse phase C18 column packed with a 5 m Hypersil ODS resin. Polyamines were eluted from the column at a #ow rate of 1.5 ml/min with a gradient of 60% to 90% acetonitrile in 25 min. Polyamines in the extracts were quanti"ed by comparison of peak areas with those of the standard PA. Polyamine concentration was expressed as g/g of dry tissue.
Statistical analysis
All results were obtained from at least three independent analyses and averaged. Statgraphic 5.0 was used for statistical analysis, and ANOVA procedures were used to determine signi"cant di!erences. Values are mean$s.d.
Results and Discussion
External color in tomato and bell pepper fruit started to change, marking the initiation of fruit maturation, at 40 DFFS. The hue angle value in tomato fruit started to decrease at about 45 DFFS (Fig. 1a) . The hue angle value in bell pepper fruit also started to decrease at about 40 DFFS (Fig. 1b) . Therefore, color changes indicate that both fruits initiated their ripening processes after about 40 DFFS. Full color intensity (minimum hue angle value), which indicates full ripeness and initiation of senescence, was achieved after about 70 days in tomato and 65}80 days in bell pepper fruits. Total AsA was slightly higher in bell pepper than in tomato fruit (Figs 2 and 3) . Ascorbic acid in tomato fruit (Fig. 2) increased slowly and reached a maximum of 94.9 mg/100 g at 74 DFFS and then declined. The minimum value of AsA was 12.8 mg/100 g at 18 DFFS. In pepper fruit (Fig. 3) , AsA increased fairly rapidly and reached a maximum of 136.1 mg/100 g at 51 DFFS and then decreased suddenly and reached a minimum of 65.5 mg/100 g at 64 DFFS. The minimum AsA concentration detected in bell pepper fruit was 52.3 mg/100 g at 22 DFFS. The loss in AsA in tomato fruit occurred just before the fruit reached full color intensity, and the dramatic loss of AsA in bell pepper fruit occurred much earlier than the full color intensity stage. Con#icting results were reported on the changes of AsA during ripening of tomato fruit. Clow and Marlatt (1930) and Jones and Nelson (1930) reported, using bioassays, that AsA in tomato increased as the fruit matured. Malewski and Markakis (1971) also showed that AsA in tomatoes increases to a maximum level and then decreases with ripening. However, Maclinn et al. (1936) concluded that the stage of maturity had no e!ect on the AsA concentration. Hammer et al. (1945) reported a small but continuing increase in AsA content through the overmature stage. However, Lo Coco (1945) reported a rather large increase (88%) up to the red stage with a subsequent decrease as the fruit overmatured. Fryer et al. (1954) showed a rise in AsA content as the fruit developed from lwt/vol. 34 (2001) No. 7 mature-green to red, and the increase (30%) was twice as large in the "eld-grown as in the greenhouse-grown tomatoes. The con#icting results in these previous studies are most probably due to the use of di!erent methodology, di!erent cultivars, and the subjective determination of fruit developmental stages. In our study, development stages were identi"ed by counting the days from fruit set, and by the objective measurements of fruit color changes. In agreement with our results, Malewski and Markakis (1971) reported that the highest AsA content in &New Yorker', &VF-145B', and &VF-13L' tomato cultivars reached a maximum just before full red color development. Vitamin C is very labile and its retention is often determined when evaluating the e!ect of postharvest handling practices on fruits and vegetables (Klein & Perry, 1982) . Ascorbic acid undergoes continuous oxidation and reduction. Oxidation products consist of ascorbic free radicals and DHA, which can be reconverted back to AsA. Ascorbate is required for the in vitro activity of 1-amino-cyclopropane-1-carboxylate oxidase (Smith et al., 1992) . Therefore, it is possible that part of the detected loss of AsA during ripening and senescence of the fruit is at least partially due to this fact. The decrease in AsA coincided with the initiation of ripening (as indicated by color changes) and with an increase in the activity of AAO. Ascorbate oxidase activity was very low in both fruits during the early stages of development and when the concentration of AsA was increasing, but increased sharply when or just before the AsA concentration declined (Figs 2 and 3) . Ascorbate oxidase activity was much higher in pepper than in tomato fruits (Figs 2 and 3) . Activities of AAO have been detected in various plant species including cucumber, melons, pumpkins, satsuma mandarin fruit and cabbage (Moser & Kanellis, 1994; Saari et al., 1996) . Strong variation in AAO activity was observed in di!erent crops. For example, Cucurbitacea fruits had a higher activity than other fruits such as oranges, grapes, cabbage and apples (Saari et al., 1996) . Activity in the peel ranged between 35 and 56,500 units/mg protein and were ranked in di!erent fruits from highest to lowest as follows: zucchini squash'cucumber'pumpkin 'melon cv. Prince'melon cv. Andes 'melon cv. Papaya'melon cv. kinsho.
Activity in the #esh varied between 14 to 1250 units/mg protein and were ranked from highest to lowest as follows:
zucchini squash'melon cv. prince'cucumber 'melon cv. Kinsho'melon cv. Andes 'melon cv. Papaya'pumpkin.
Speci"c AAO activities in pumpkin leaf and stem tissues were about two and 1.5 times that in the fruit tissue, respectively, and a very little activity was detected in the seeds. Moser and Kanellis (1994) have shown that AAO activity exhibited a noticeable increase during ripening of muskmelon fruits concomitant with the increase in ethylene production. Ripe fruit had a slightly higher AsA content than younger fruit, and AAO activity was lowest where AsA was high. Therefore, there are several indications that AAO contributes a major role in the oxidation and losses of AsA as well. However, other factors including other enzyme systems (such as ascorbate peroxidase) can contribute to the oxidation and losses of AsA. Increased AsA losses in fresh vegetables have been demonstrated during low humidity, high temperature storage (Ezel & Wilcox, 1959) . There was more PA in bell pepper than in tomato fruit (Fig. 4) . Bell pepper fruit had much more putrescine (Put) than in tomato fruit. Put was the dominant amine in bell pepper fruit, while Put and spermine (Spm) were the dominant in tomato fruit. No major changes were observed in endogenous concentration of Spm and spermidine (Spd) in pepper and Spd in tomato fruits during fruit development. However, Put in bell pepper fruit and Spm in tomato fruit increased very early until about 30}38 DFFS and then decreased and reached a minimum level a few days before AsA started to decline. Put in tomato fruit increased consistently and did not decrease even during fruit senescence. Polyamines are involved in fruit development and ripening (Kushad & Dumbro!, 1991) , and thus may in#uence the postharvest life of the fruit and the changes in AsA. They are generally considered as growth stimulators and are ubiquitous and abundant in actively growing tissues generally decreasing during tissue senescence (Kushad & Dumbro!, 1991) . The application of exogenous PA during postharvest retarded softening in several fruits including apples, and inhibited the activity of endopolygalacturonase through binding to pectic acid (Kramer et al., 1991) . Tomato cultivars that accumulate and maintain high levels of PA produce relatively low levels of ethylene and usually have a longer shelf-life (Dibble et al., 1988) . Applied PA inhibited ethylene production in a variety of plants including tomato pericarp (Saftner, 1989) . Polyamines biosynthesis is initiated with Put which is derived from basic amino acids (Kushad & Dumbro!, 1991) . Put can be produced directly from ornithine by ornithine decarboxylase, or indirectly through a series of intermediates, including agmatine which is derived from arginine by argenine decarboxylase. An aminoproyl group is then donated from decarboxylated S-adenosylmethionine (AdoMet) to form Spd. The synthesis of Spd from Put is catalysed by spermidine synthase, and Spm is formed through the reaction of Spd with another aminopropyl group donated by decarboxylated AdoMet. Therefore, the biosynthesis of both ethylene and PA is related as they share AdoMet as a common precursor, and methylthioadenosine as a common by-product. During growth and development, the activity of a key enzyme in the synthesis of ethylene, ACC synthase, is usually low or absent and AdoMet decarboxylase (AdoMet DC) activity is usually high; therefore AdoMet is thought to be channeled into the polyamine biosynthesis pathway by producing decarboxylated AdoMet (Kushad & Dumbro!, 1991) . During the onset of senescence ACC synthase activity is increased, AdoMet DC is decreased, and AdoMet is thought to be channeled into the ethylene biosynthesis pathway. When inhibitors of the PA biosynthetic pathway were applied to the pericarp of &Liberty' tomatoes, free PA levels decreased and ethylene production increased (Saftner, 1989) . The increase in the free PA levels was suggested as a possible cause for the delay of the climacteric in ethylene production and the prolonged storage life of &Liberty' tomatoes (Saftner & Baldi, 1990) . The overexpression of AdoMet DC during ripening and senescence is suggested as a possible strategy for increasing the production of polyamines, and thus for the possible control of ethylene production and regulation of ripening (Mehta et al., 1997) . Transgenic tomato plants containing the coding region of yeast AdoMet DC have shown increased levels of speci"c PA's in the ripening fruit tissue with a preferential accumulation of Spd and Spm in the ripe fruit. The ripening period was prolonged in the fruit of some of these transgenic plant lines. Transgenic fruits had a longer postharvest life and senescence was delayed. The mechanism by which PA in#uence the synthesis and activity of ACC synthase is still unknown. It is possible that PAs, probably in conjunction with other growthpromoting substances, are required for repression of ACC synthase genes(s) and thus for the inhibition of ethylene production in developing tissues. Along with other growth promoters, PAs might also be needed for maintaining the resistance of the tissue against the action of ethylene. The decline of PA in the tissue is thus a likely cause of the initiation or acceleration of ethylene production through the induction or the activation of ACC synthase, and/or the increase of the sensitivity of the tissue to the action of ethylene. Ethylene is known to inhibit AdoMet decarboxylase (Flores et al., 1989) , which might be responsible for decreasing the production of PAs. Tomato fruit ripened with exogenously applied ethylene had less AsA than vine-ripened fruit (House et al., 1929) , or fruits ripened in postharvest without ethylene application (Jones & Nelson, 1930) . The continuous increase of Put may be responsible, in part, for the longer keeping quality of the tomato cultivar used in our study. Elevated levels of PA during ripening were also shown in other long shelf-life tomato cultivars such as &Liberty' (Saftner & Baldi, 1990) and &A D lcolaca' (Dibble et al., 1988) . Therefore the presence of a high concentration of PA in the tissue may decrease the production of ethylene and thus decrease AsA losses. Exogenous application of PA, which can increase their endogenous concentration, and inhibit ethylene production (Kushad & Dumbro!, 1991) , might also decrease or delay AsA losses in the fruit.
